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ABSTRACT
Hydraulic fluids are a critical, safety-of-flight material for all Air Force aircraft. Hydraulically actuated mechanisms are responsible for a large number of aircraft functions ranging from highly sophisticated flight controls to applications such as accessory door actuation. The Air Force alone uses approximately 1,000,000 gallons of hydraulic fluid per year, costing over $12M in procurement and disposal costs. Used hydraulic fluid currently is the second largest waste stream for the Air Force. In the past, hydraulic fluid purification or reclamation for reuse was not permitted in aircraft systems. The Air Force technical order covering hydraulic fluids was recently changed to allow reintroduction of purified fluid into aircraft. Purifiers from Pall Corp and Malabar International were tested at the Hydraulic Pump Testing Facility at the Materials and Manufacturing Directorate to determine the removal rates of particulate, water, and dissolved air from MIL-PRF-83282 hydraulic fluid to a predetermined level. The program goal was to see the rates at which these purifiers would remove particulates to NAS 1638 Class 5 maximum, water to 100 ppm maximum, and dissolved air to 8% by volume maximum. 
INTRODUCTION
Hydraulic fluids are a critical, safety-of-flight material for all Air Force aircraft.
Hydraulically actuated mechanisms are responsible for a large number of aircraft functions ranging from highly sophisticated flight controls to applications such as accessory door actuation. The Air Force alone uses approximately 1,000,000 gallons of hydraulic fluid per year, costing over $12 million in procurement and disposal costs.
Used hydraulic fluid currently is the second largest waste stream for the Air Force.
Presently, during routine aircraft maintenance, the used fluid from aircraft and components is drained and disposed of as hazardous waste. Previously, hydraulic fluid purification or reclamation for reuse was not permitted in aircraft systems. But, the Air maximum, water to 100 ppm maximum and dissolved air to 8% by volume maximum.
Also an experiment was conducted to determine if either of these purifiers would remove JP-8 jet fuel from MIL-PRF-83282. 
PURIFIERS EVALUATED
PURIFICATION PROCEDURE
Closed Loop
It was thought that a closed loop system was needed so the rate of removal of dissolved air could be measured more accurately. An open loop system could allow air from outside interfere with measuring the rate of removal of dissolved air. Figure 3 shows the closed loop hydraulic circuit flowing in series through two heat exchangers (both non-functional to increase the total system volume) and one stainless steel movable piston reservoir. The loop was configured to enable either a Teflon piston stir pump loop or the purifier loop to be in series with the circuit. A shunt valve (V3) was connected between the inlet and outlet of the purifier, and a sampling septum (P1) was added to the purifier outlet for collecting samples using gas tight syringes. The samples in the syringe were measured for dissolved air content using capillary gas chromatography. A needle valve sampling port (P2) for filling bottles was inserted between the movable piston reservoir and the heat exchangers. A reservoir pressure gauge tracked system pressure and the entire circuit was connected with Teflon-lined stainless steel braided hose. Total fluid volume of the entire system was 25 gallons, divided into 20 gallons within the closed loop hydraulic circuit and 5 gallons within the specimen purifier reservoir. A photo of the Pall Corporation hydraulic fluid purifier connected to the closed loop can be seen in Figure 4 and a photo of the Malabar International connected to the closed system can be seen in Figure 5 .
The purifier and heat exchangers were drained of the residual MIL-PRF-83282 that wetted the internal mechanisms / plumbing for storage purposes. The stir pump, braided connection hose, and reservoir were rinsed with solvent and flushed with fresh MIL-PRF-83282, as were the valves and fittings. After assembly and filling with fresh MIL-PRF-83282, both the stir pump loop and specimen purifier loop circulated simultaneously, just enough to purge free air. At this point, the purifier was isolated from the closed loop hydraulic circuit and by-passed, leaving 5 gallons of a clean fluid charge in the specimen purifier reservoir. This priming of the purifier is representative of the initial operational state of the purifier in the field.
Vented Loop
A similar loop design as was used for the closed system in Figure 3 These modifications to the closed loop changed the volume of the test fluid in the loop and inside the purifier tank. A photograph of these changes is shown in Figure 6 .
The total fluid quantity of the entire system (vented loop plus the purifier fill) was reduced to 18 gallons. Less fluid was used because the purifier tank would fill and empty (~ 7 gallons) during the purifying process, differing from the unvented loop where the purifier tank was held in a steady state and the total fluid quantity was 25 gallons. While this was not required to accommodate the Pall purifier, the fluid volume was maintained at 18 gallons for the Pall purifier test to have an effective comparison while testing purifier performance with the vented loop configuration.
Contamination Procedure
The contaminants were added, approximately 35 ml of distilled water first, by pressure injection with a syringe into the reservoir, while bleeding the excess volume from the needle valve sampling port. Approximately 8 ounces of slurry (a mix of fresh MIL-PRF-83282 and A/C fine dust) were added to the 20 gallons of MIL-PRF-83282 for the closed loop system and 13 gallons of MIL-PRF-83282 for the vented system. These amounts targeted excessive contamination levels compared to those expected in the field, to more than 500 ppm water content and to a maximum NAS 1638 particulate contamination class of 12.
The pneumatically driven Teflon piston stir pump loop was opened (V2) and its by-pass line closed (V1), V3 was opened and V4 and V5 were closed. The fluid and contaminants were mixed by passing the fluid through the loop at a circulation rate of about 12 to 15 gallons per minute. Fluid samples were taken periodically and measured for contaminant levels. This mixing continued until sampled values for water content and particle count were consistent and approached the desired measured levels. When completed, the stir pump loop was isolated (V2 closed) and by-passed, and the specimen purifier loop was opened (V1) and the corresponding by-pass line (shunt valve V3)
closed. Valves 4 and 5 at the purifier were opened. Purification was then initiated and hourly fluid samples for dissolved air content, water content, and particle count were drawn. The maximum acceptable purification running time was set to 8 hours to purify the fluid, as described in the introduction, to NAS 1638 particulate contamination class 5 or better, to water content of 100 ppm or less, and to dissolved air to 8 percent or less.
To determine if the portable purifiers could remove JP-8 fuel from hydraulic fluid MIL-PRF 83282 was contaminated with approximately 17% JP-8 using the same mixing procedure described in the previous paragraph. Both the Pall Corp. and Malabar
International purifiers were tested, using the same procedure as described in section 3.1, to determine if JP-8 could be removed
TEST RESULTS
Pall Corp. Purifier
Using the contamination procedure in 3.3 the 0 hour measured particulate count was NAS 1638 class 12, the water was 725 ppm and the dissolved air was at 11.8%. The data from the closed loop purification test is shown in Table 1 . After only one hour all the contamination levels were down to or below the limits set for the test. It was decided to run the purifier for three more hours and at each hour measure the particulates, water, and dissolved air. The particulate count and dissolved air did not significantly change after the first hour, but the water content continued to drop.
This same contamination and operating procedures were used with the vented system. The contamination levels, however, were slightly different. The water contamination was 1020 ppm for the vented system compared to 725 ppm for the closed system. The dissolved air was 12.8% for the vented system compared to 11.8% for the closed system. The particle count was a NAS 1638 class 12 for both systems. The results which are similar to those from the closed system are shown in Table 2 .
JP-8 in hydraulic fluid was measured using a capillary gas chromatograph (GC) method shown in Table 3 . Standards containing JP-8 in MIL-PRF-83282 were analyzed and Figure 5 shows the least square best fit for the GC measurements. This least square formula was used to determine the unknown concentrations of JP-8 in MIL-PRF-83282.
The purifier was contaminated with approximately 17% JP-8 using the procedure described in 3.3. This fluid was passed through the Pall Corp. purifier for eight hours and essentially no JP-8 was removed. The results are shown in Table 4 .
Malabar International Procedure
During preliminary testing the Malabar International model 8852 purifier, unlike Malabar International prototype (3), was unable to function using a fixed fluid volume within the closed evaluation circuit. This shortcoming of the model 8852 Malabar
International purifier was resolved by installing an adjustable spray metering needle valve to the purifier as per the prototype.
The same procedure for contamination was used as in the section 3.3. With the pressure problem solved the purification test was started. The data is shown in Table 5 .
After only one hour all the measured contamination levels were down to or below the limits set for the test except the water content that was 295 ppm. Four hours were required for the water content to be reduced below 100 ppm. The test was continued for an extra hour to determine how much more water could be removed and as shown in the water was reduced to 69 ppm. Because it took longer for the Malabar International purifier compared to the Pall Corp. purifier for water to go below 100 ppm, it was decided to repeat the test, for water only, while activating the heating option on the Malabar International purifier. The heater was set to the recommended manufacturer's set point position of 125°F. However, the actual fluid temperature remained at approximately 85°F throughout the test according to the temperature readout on the purifier panel. The data in Table 6 shows that water was not removed any quicker when using the heating option. In both tests, the Malabar International water sensor tracked well with the Karl Fisher titrations conducted on the samples at levels below 500 ppm water, the maximum amount of water that is soluble in MIL-PRF-83282 hydraulic fluid.
The same procedure (without the heater) was used with the vented system.
However with the vented system there was no need for the adjustable spray metering needle valve. The results are shown in Table 7 . After five hours the water did not go below 184 ppm. However, the particulate NAS 1638 and dissolved air removal were similar to the closed system results.
The purifier was contaminated with approximately 17% JP-8 using the procedure described in 3.3. The percent of JP-8 was measured by GC as described in 4.1. This fluid was passed through the Malabar International purifier for eight hours and essentially no JP-8 was removed. The results are shown in Table 8 .
CONCLUSIONS
Both the Pall Corp. and Malabar International purifiers achieved the goal of reducing contaminants to specific limits in the closed system after four hours. See Figures   8 through 10 . The Pall Corp. purifier was able to remove contaminants below the target value of NAS 1638 Class 5 in one hour and water to below 100 ppm in one hour. The Malabar International purifier was also able to remove the particulate contaminants below the target value of NAS 1638 Class 5 in one hour, but it took four hours to get the water below 100 ppm. Dissolved air was significantly reduced from initial saturation (~12%) for both purifiers to less than two percent in two hours. The Malabar
International purifier heating unit was applied in a second run, but did not help remove water any faster than in the closed system. Neither purifier was able to remove JP-8 fuel. 
